Electrostatic interactions are fundamental to the complex structure and dynamics of nucleic acids due to their highly charged nature. Positively charged ions counteract and can even reverse the repulsion between negatively charged nucleic acids [1, 2] . Quantitative studies of counterion mediated interactions are essential in understanding phenomena such as DNA condensation and packaging [1, 2] and RNA folding [3] .
Counterion valence is a critical factor in modulating inter-DNA forces. In the presence of monovalent cations (e.g., Na ), the dominant force between DNA strands is like charge repulsion. Following the seminal Derjaguin, Landau, Verwey, and Overbeek (DLVO) mean field theory [4] , this interaction can be described by a Yukawa pair potential. To correct for the linear Poisson-Boltzmann approximation in the DLVO theory, the charge renormalization prescription [5] assigns an effective charge Z eff to each DNA. The Yukawa form of the repulsive inter-DNA potential has been validated by our recent measurements, though the measured effective charges are smaller than predicted [6] . In the presence of low concentrations of counterions of tri-or higher valence, strong attractive forces between DNA strands (e.g., precipitation) are observed [1, 2] . The phase diagram of such ''precipitated'' liquid crystalline DNA complexes has been studied in detail [7] . However, the exact physical origin of the like charge attraction remains elusive [8] . Proposed competing mechanisms for attraction include counterion local density fluctuations [9, 10] , positional correlation between condensed counterions [11, 12] , and tight binding of counterions along discrete charged DNA monomers [13] [14] [15] . Notably, strong electrostatic coupling may lead to overcharging due to counterion ''Wigner-lattice'' [16] or Bjerrum pairing correlations [17] .
The ability of nonspecifically bound divalent counterions (e.g., Mg 2 ) to induce attractive interaction between DNA strands remains controversial. Both analytical theories and simulations have predicted net short range attractive forces between DNA strands in divalent (2:1) salts [11, 13, 18, 19] . Experimental support for the predicted attractions remains tentative. Our previous measurement of the inter-DNA forces in the presence of divalent ions suggested a weak attractive interaction under Mg 2 > 16 mM [6] , though this conclusion was based on the assumption of a particular model calculation. It should also be noted that inter-DNA attraction has been proposed even in monovalent salts based on observations of the ''slow mode'' in dynamic light scattering and low angle ''upturns'' from small angle neutron scattering [20] . Notably, condensation of DNA by divalent Mg 2 counterions has never been observed in bulk solution [21] . By monitoring the conformational changes of a tethered DNA system [22] , Bai et al. rule out possible strong inter-DNA attraction up to 600 mM Mg 2 , which is also consistent with the lack of discontinuity in inter-DNA spacings upon increasing osmotic stress [23] . Here, we aim to establish beyond doubt the existence of inter-DNA attraction mediated by divalent counterions.
Small angle x-ray scattering (SAXS) measurements of semidilute double strand DNA (dsDNA) solutions were carried out at the C1 and G1 stations of the Cornell High Energy Synchrotron Source (CHESS). The x-ray exposure time was chosen to ensure time-independent scattering profiles. Single strand DNA oligomers were purchased from Integrated DNA Technologies and annealed at pH 7.5 to obtain rigid rodlike dsDNA (8, 16 , and 25 base pairs). Each sample was dialyzed against monovalent (NaCl) or divalent (MgCl 2 ) salt solutions buffered with 1 mM pH 7 NaMOPS [sodium 3-(N-morpholino)propanesulfonic acid]. Neither Na nor Mg 2 displays sitespecific binding to DNA [24] . The measured scattering intensity IQ [Q 4= sin, is the x-ray wavelength, and 2 is the scattering angle] has two components: the form factor PQ of a single DNA and the structure factor SQ. The inter-DNA interference function SQ arises from long range structural correlations, modulates the SAXS profile, and is most pronounced at low Q [25] . Qualitatively, inter-DNA repulsion causes a decrease or downturn in IQ at the lowest Q and possibly a finite Q peak if sufficiently strong. In contrast, attraction results in a low Q increase or upturn due to molecular clustering. However, extraction of SQ from experimental data requires knowledge of the form factor PQ, which is nontrivial to predict even when the atomic coordinates of the DNA are known [25] . We can avoid this complication by collecting SAXS profiles under identical ionic conditions Is the observed inter-DNA attraction solely due to divalent Mg 2 ions? Other factors such as coions and reduced solvent activity in concentrated salts merit careful consideration. To control for these effects, we replaced Mg 2 with monovalent Na ions with the same coion Cl ÿ and ionic strengths and measured similar DNA concentration series. Figure 2 shows that the inter-DNA repulsion is much stronger in NaCl of the same ionic strength. Even 150 mM NaCl can not fully screen the electrostatic repulsion. This repulsion nearly vanishes only at [NaCl] above 600 mM. Importantly, no inter-DNA attraction is observed with even higher monovalent salt concentrations. Thus, Mg 2 ions induce the inter-DNA attraction.
The near perfect rigidity of short dsDNA strands (e.g., 80
A for 25 bp DNA) eliminates the intra-DNA degrees of freedom, enabling reliable quantitative analysis of inter-DNA interactions. However, most theories consider charged cylinders to have infinite length. Whether this assumption breaks down is contingent on two length scales: the DNA length and the Debye screening length. When they become comparable, so-called ''end effects'' can become significant [26] . Therefore, by varying DNA length only, while maintaining similar total phosphate concentrations and the same Debye screening length (17 Å Fig. 1(b) ], this suggests that shorter DNA results in stronger attraction (discussed later).
For a model independent analysis, enabling quantitative comparisons between different DNA and ionic conditions, we turn to a well-established assay of interparticle interactions: computing the second virial coefficients from SAXS profiles. The second virial coefficient is derived from the following equation,
where c is the [DNA] in g=ml, M is the molecular weight, and A 2 is the second virial coefficient. The Ic; Q 0 is extrapolated by fitting the Guinier region of experimental IQ [27] . Thus, A 2 can be obtained through linear fitting, noting that the PQ 0 is also fitted. To further substantiate the observed inter-DNA attraction from SAXS experiments, we carried out independent light scattering measurements of the second virial coefficients. Selected 25 bp DNA samples were prepared following the same protocol and were measured with the dynamic light scattering instrument Malvin Zetasizer Nano Series (Laser 4 mW He-Ne, 633 nm). At each salt condition, a series of samples with different DNA concentrations was measured at 25 C. All solutions were filtered twice to eliminate dust. The measured A 2 values at [Mg 2 ] of 3, 5, and 200 mM are 2:2e-3, ÿ6:8e-4, and ÿ1:1e-3 mol ml g ÿ2 , respectively. The values not only qualitatively confirm the nature of attractive interaction at 50 and 200 mM Mg 2 , but also show reasonable quantitative agreement with SAXS measurements. We also measured at conditions of 10 mM pH 7 NaMOPS and/or 0:1 mM pH 7 ethylenediamine tetraacetic acid (EDTA) to check for possible pH dependence and high valence metal ion contamination. No detectable change was observed with the addition of 0:1 mM EDTA, while only a slight decrease of inter-DNA attraction (A 2 from ÿ6:8e-4 to ÿ6:3e-4 mol ml g ÿ2 ) results from the 1 to 10 mM increase in NaMOPS concentration at [Mg 2 ] of 50 mM, presumably due to the effect of counterion competition. Possible multivalent ion contamination or pH effects are thus eliminated.
In addition to second virial coefficients, detailed information on inter-DNA potentials can be obtained by quantitatively analyzing the full SAXS profiles. As in our recent study [6] , the generalized one-component method (GOCM) [28, 29] is used to compute the structure factor SQ from a model Yukawa pair potential with a hard core repulsion (as in DLVO theory). Instead of measuring the form factor at each condition, we numerically compute the PQ's from known DNA structure, accounting for solvent effects such as hydration and ''condensed'' counterions. Comparisons with available measured form factors show reasonable agreement. In the refinement of the full SAXS profile, the only free parameter is the effective charge Z eff in the Yukawa potential. A more detailed description of analysis methods can be found in Ref. [6] . Although the mean spherical approximation (MSA) holds only in the dilute DNA limit, application of MSA allows for convenient quantitative analysis, and is supported by the agreement between predictions and experimental data in the semidilute DNA regime. Figure 4(a) shows the SAXS profiles as a function of [Mg 2 ] at [DNA] 0:7 mM. The fitted structure factor SQ's shown in Fig. 4(b) demonstrate the transition from repulsion (low Q downturn) to attraction (low Q upturn) upon increasing [Mg 2 ]. The measured effective charges (Z eff ) are 13.23, 7.14, 4.50, 2.89, and 0.71 elemental charge with [Mg 2 ] of 0, 1, 2, 3, and 4 mM, respectively. This is in drastic contrast with the measured Z eff 12e with monovalent Na ions which only weakly depends on ionic strength [6] . At [Mg 2 ] of 10 mM, the interaction between DNA strands vanishes as the structure factor approaches unity. While the much higher screening efficiency of Mg 2 versus Na is not surprising [30] , inter-DNA attraction, i.e., the low Q upturn, is observed when Mg 2 > 10 mM, and increases with [Mg 2 ]. Addition of a second Yukawa potential of short range in the GOCM is able to model the observed attraction [6] . FIG. 4 (color online) . The structure factor SQ can be extracted from the measured IQ using models (see text). Panel (a) shows measured IQ's of 25 bp DNA ( 0:7 mM) (symbols) and the fits (lines). Panel (b) shows the corresponding SQ's only with the same color annotation as in (a). Our experimental results demonstrate conclusively the existence of inter-DNA attraction in divalent Mg 2 salts. However, the observed inter-DNA attraction is too weak to induce spontaneous aggregation; e.g., the magnitude of measured A 2 is just in the range of crystallization (not precipitation) conditions of common proteins such as lysozyme [27] . We also independently confirmed the purely electrostatic nature of the interaction between DNA and Mg 2 ions by studying ion specific effects of series of divalent ions with similar hydration radii (Mg 2 , Ca 2 , Sr 2 , Ba 2 , and Mn 2 ) at identical free concentrations of 3 mM. While Mn 2 and Ca 2 ions show much higher screening efficiency, presumably due to specific ion-DNA interactions [24] , the same effective charge Z eff (2:89e) of the 25 bp DNA is obtained with Mg 2 , Sr 2 , and Ba 2 ions, indicating pure electrostatic interactions.
The crucial importance of counterion valence (i.e., Mg 2 versus Na ) to inter-DNA attraction appears to support the strong electrostatic coupling that forms the basis of counterion correlation and/or tightly bonded ions models [11, 13] . For short DNA strands, ''end effects'' are expected to weaken electrostatic coupling [26] , thus should result in weaker attraction. In contrast, we observed stronger attraction between shorter DNA strands under the same ionic condition (e.g., 10 mM Mg 2 ). Here we discuss some potential mechanisms for this unexpected result. First, due to DNA's anisotropic rod shape, the excluded volume (or steric repulsion) decreases faster than linearly with DNA length. The stronger attraction observed may simply be the result of a reduction in repulsion. Interestingly, the measured upturns are well reproduced by calculations of scattering profiles consisting of DNA monomers and dimers formed by direct end-to-end stacking. This suggests that DNA strands may prefer to lie end to end, whereas aforementioned models all predict the strongest attraction when DNA strands lie side by side. We note that end-to-end stacking of short DNA duplexes has been reported in many types of DNA junction structures with the addition of finite concentration of salt [31] . Such an end-to-end attraction may result from base stacking interactions, or possibly from dynamically induced dipolar correlations along the easy polarization axis of DNA strands. In this picture, enhanced attraction for shorter DNA strands might result from the presence of more ''ends'' at a given phosphate concentration. Importantly, attraction is never observed in the presence of Na ions, thus divalent Mg 2 ions clearly play a critical role. This seems to coincide with the requirement of larger counterion valence than DNA monomer charge proposed by de la Cruz et al. [15] .
In conclusion, we have shown that nonspecifically bound divalent ions (Mg 2 ) can mediate attractive inter-DNA forces. A series of experiments were carried out to demonstrate the key role of counterion valence. The increase in attraction with decreasing DNA length runs counter to expectation and exemplifies the challenging complexity underlying competing degrees of freedom.
